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® «* •mp««yln fl and detecting nucleic acid .equertcei. 

© A method for detecting point mutations in nucleic acid 
template and amplifying at least one specific nucleic acid 
sequence contained in a sample of nucleic acid template 
where*! eachnudwc acid consists of either one strand or two 
^^jr?^^ 1 ^ strands - ^Prising treating the 
fj^wrt" atteast one of two sets of two different relatively 

t^^r^f eOMeS °' which 5615 (<> is complementary 
^-.!™ We "ft"*™ to a « a portion of the 

S^tTT^ 0 * a,tea3,0neof ,he stra "<* W flanks 
bcthswes of a de*gnated target base contained within the 
sp^ficm^c a«d sequence, such that one of the two short 
Jf* J* 1 °' ^"^otides contains a 
h£L L^^"* "* 8 ,hat 19 ^Ptementary to one of the 
^^^^'^P^^ condmons such that the 

St.^L^^ e ° ,KteS °' °' tho ««' mutually 
taw pair exists In the template, the ligation 

^olrS^iT^ baSfl0,O ^ o,th8 comp^men- 
t^ih^f!^. ^ 13 commentary to one of the 
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Description 

METHOD OF AMPLIFYING AND DETECTING NUCLEIC AC SO SEQUENCES 
tJUnOZZ! t0r en2 y maticau y lining POftwns o, nucieic acids together w^ss B at ai j ~- 

porynucteotides b y tT^^T^^o!^' ^ *" ,nh>nead " 9a,ion °' <*9<™c'eo«ides and 

With respect to amplification. Saiki. R.K.. et aJ.. Science 230 1350 m<w«» hoc^k^ a „„ 
of B-olobin oMwnir Ir^,^^ 0 « *~ , " ' e ^ou.ij^u (1385) descnbes enzymatic amplrficat on 

oligonucleotide primers, and primers are extended I to torm corn^Pmpn^l t °' ^ dif,erent 

tem P .ates for synthesizing the desired n£2 acid I^TftTS^^ '^f * 3C ' ,s 
adding a labeled probe £pab,e of hybridizing to «n^ne^'tSS Mnee " * 

ine present invention is useful in diagnostic applications becau« it h« * . 
amplifying given nucleic add sequerrces f7om nuS 2^ ,rSt 35 3 means fcr 

more readily detected. In order to amplify a given tnMwM^S^^S P ! sequences can be 
one pair of oligonucleotK* strands (s'ubstrLs, T ^ 

des.gnated end base of one of the oligonucleotide strands of a oa! 1 m „ SS, ? ' L " here ' n 3 

that designated end base forms a ligation juncture Shan end of n,hT r P l T? ^ ? T ^ b3Se 3nd 
oligonucleotide strand substrate is. T ^ ,or T er 

pair mutations in ^^S^TS^i^S 1 ^^ ,0 ^ baSe « ^ 
diagnose genetic diseases such as sieki* r»n * . P eSent ,nven,lon ,s therefore useful to 

sin|,e point m^^^^^T* ° Ph " ia ' ^ reSU " from 3 



SUMMARY OF THE INVENTION 



sp^rSe^a^ Si "f ba " - «— P-r mutations in at .east one 

consists of either one stride ^^^-^7* ? UC,e '° 3C ' d ,empla,e wherein each nucleic «id 
least one of twTseTs of ^ dl^.w^^T n,a,y , 8lr ^ dS • com P risin 9- treating the strands with at 
to and therefore" r^eV ^i? i^S?22 8 T ,C, ? 0,,dea C3Ch ° f Se,s (i) is complementary 

(H) fla^s both ^tJSTSSSS^SSl sequ : nce °' at ,east one of ,he s,rands and 

that one of the two short c^S^S^l^^S^S^l ^ nUC ' eiC 3Cid Sequence such 

that is complementary to one of STESt blS o? h i tSZT 0 *?* C ° n,3inS 3 b3Se at ° ne °' i,s ends 
oligonucleotides of each of X^^ Z^mu^^J^ T^ Under condi,ions such th * the two short 
occurring between ttJTe^^ToZ^cZ^ V" 9 " baSe exiS,S in ,he ,empla,e - ,he ti ^' on 
one of the targe, bases !^^e^l^!^l^ <**™**k** which is complementary to 

a asesano a terminal base of another complementary oligonucleotide of the same set 
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The invention further features a method for amolifvino a( 
sample containing a nucleic acid or a mixture of nurS?. ^l SpeCrf,C nuc,e,c ac,d sequence .n a 

acid strands. wheVein .he sample is ^^^SSS^ST^ °' ^ ° f " uc,e ' c 
treating the strands withat.easl "on. of t*^Srto£^2i~ ^T" 0r sea - uences composing (a) 
one the specific nucleic acid sequence andS i ?** T* m C W™™<V to a. least 

least one target base pair defining a blunt endcontSin 7*1 9 °' 3 Singte s,randed ,em <> ,a,e ° r a « 

one end nucleotide of one of the o.igonuc.^^^ SeqUence or se <>— " h «-,n 

base or one of the bas£3 of the target base pairs under cSdSif, h^* ' S C0 ^ tem »«*Y «o 'he target 
Lgate with an end of the other 6*pLcleJ^i££ r , ,he e " d nuc, e°«^ will mutually 

he specific nucleic acid sequence <^T^£fi£ o^a^T * com P ,e ™« -V * 

treating the sample under conditions to , seoante EitS^ or target base pair is present in the sample: (b) 
target base pairs to be detected ISiSSSS ^l^V™ 8 ,he ,aroe ' bas « °' 

Other advantages and features of the invent^S h» * ' de,e " n,n,n 9 whether ligation has occurred, 
preferred embodiments thereof, and from "rTSms W ™ t ° m ,he '°" OWin9 Ascription of the 



DESCRIPTION OF THE DRAWING 
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ofSi^^ 

cleotide substrate strands comXner^ 

ligation amplification. «™ntary to the normal beta globin allele of the gene to be used for 

reS V^S^^'SJ^SZ %*» J"-" -** cel. beta globin gene ,n the 

oligodeoxyribonucleotide substrate SuSS^S^S. V*^ CUtea ^ Sick,e ce,i anemia and 'our 
tor ligation amplification complementary to the sickle cell allele of the gene to be used 

fI * '"aX^ph ^s^r e r nen,iai ,i9a,ion 

oligonucleotide substrate o s^e c7ZZl c'andn? T amp,ifica,ion °< H S "anking 

oligonucleotide templates. ' C a " d 9) 3011 normaJ D8 ta globin (lanes d and h) 

•on^^ six rounds of exponential 

cel. gene sequence using ^cJ { ^^SSSS^S!T * *l COmp,eme ^ <° »• -ck.e 

Fig. 5B shows a logarthmic olot of tnM n , Z . . 1 P 1 ol, 9°nucleotide template, 
ligation rounds performed P °' d °' am P"" ca, ' on versus number of exponential amplification 

exXs :s^:s:es£;^ ^ ^ ^ 

and sickle cel. (lanes d f) beta gtobin gene us na fTanSl n. "T" C ° n,ainin9 normal (,anes <H> 
complementary to the sickle cel. beta^obin gene ^El^'T* SUbS,ra,6S desiQned ,0 be 
sequence (Fig. 1). g oD,n gene sequence (Fig. 2) and normal beta globin gene 

DNA 9S us£ ^ass^Z 9 e^%°; tn^cX^? 9 'T °' hu ™ »™* 

template. Fig. 7A resulted from ligaSg fl' f ankl' ol' ' 3 " d n ° rmal P Q,obin < lanes e. f) ONA 
flanking oligonucleotides. 9 P ' nQ ^nucleotides; Fig. 7B resulted from ligating |i« 

- F^SZEXZ TeZ l ?T r pWica,ion produc « «-"■ a •* 

(lane b). and normal p globin (lane c). Ss dTa^e comroL P ^ p - ,halassemia < lane a ). sickle cel. 
pair^g^ouS 

<-s<e^ of PGR products from the Fig. 9A gel 

HP19A (panel b) probes. hybnd.zed with radiolabeled H P 19S (pane, a) and radiolabeled 

seq^enfes^eClaTeT" " "* aU '°' adio 9™ of ligation amplication products using PGR enriched 

55 

DETAILED DESCRIPTION OF THE imvumt^k, 

te;?^ to amp ? ular nucIejc acj(j ence 

is therefore useful to diagnose various genetic dSZ^h P 3C,d tem P ,a,es - Tn e present invention 

£!™'"°«nerd«gnost^ from point mutations such as sickle cel. 

of ONA template copies in genomic DNA F^examl^ZV 7^ m ° rder l ° de,ect ,he limi,ed ™"°er 
« 10 ug of ONA. Further, depending or^ i£ S d 2SL«t° n ' y aOOU, 006 mi " i0n COpies of a sinole 9ene 

e particular diagnostic procedure performed, only a limited amount 65 
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of DMA might be available 
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AcconSng to the methods of the wesent invention -i . , 

comptementary to and flanking both d.re^ oTa^t ^f^'"* S,r3nds are ^esi«d 

short oligonucleotides (flanking oligooucteo^s 0, V2£fT * 3Ckj templa,e 01656 re,a,ive, Y 

5 ON^J aTiUustrated in Fig. TvTSS^SSS^SS^ ' are general* denoted ON-1. ON-2. ON-3. and 
known in the art. " -yv"u»eonoes may be synthes^ed accord mg to methods well 

template which flank tJSge^^of mSeT^, ""T? ,0 ^ ,he P ° r!,0ns of ,he nuc,eic acid 
to depends on various lactors. iSuStC eSoe^Z nTl exac, , ,en9 * s °' ,he " ank '"9 oligonucleotides 
target sequence. In general. flarS SSSSSe, ^ pH condi,ions - ^ complexity of the 
sufficiently stable hybrid compters T£Z -JST?" 9 *° Ut 4 ,0 ab00, 100 ™cteotides form 
oligonucleotides usedin accordant with ^Z^TT f ,emDe 'f tu «* most instances, flanking 
nucleotides. preSent ,nven "°n preferably comprise about 8 to about 20 

strands prior to commencing ligarton Z^^ZZuLTJ?**' V "f^ 8 *** t0 first ,he 
strands of nucleic acid ^s^Z^T^c^S^T "TIT: °" e meth0d °' separa,ion of 
usually carried out a, temperatures r^X^S^S o ^T^lT^ ^ d ™»<*™ is 
mtnutes. Separation of nucleic acid strands mav also hi 9 '" 9 from '"x^ 1 to 10 

and Rec A. It is also possible to remove ^TtS^^? TT M "^ hB *^ -n W» 
endonuclease followed by Exonudease mE^mVEJS^J' ^'"l 

al. Science 209 :1396 (I960) ' 5da Exonucleas « as described by Wallace. R.B.. et 

thereof . The starting nucleic acid may alsTc^aTmorM 

w*ich may be the same or different such thaTS 2 6d sec ' uence containing target bases 

comprising more than one nuclei icJElESil £2 ZZS^T * sMan *<*>* Samples 
the methods of the present invention * ° d ,arget 8 W"» can also be amplified by 

* or^r t ^ 

RNA. from bacteria, yeast, viruses, pfants Tai^H^i rZ ^IT"*' p,aSmids ' na,ural DNA or 
total RNA may also be extracted from humT t£ a^d Issue t! ^ be . USed Genomic 0NA ° r 
°»9«ieoxyritK>nucleotid^^^ by a vanety of techniques. Synthetic 

* into a DNA molecule by an enryme suchls rever* transcrimaS ' mP,8te - * ^ be ^ C ° pied 

^w^sss rsrr?r.tr b r p * r * A - r : in R9 - »• ,he 

<* As shown in Fig. 1. the S^up-r) stra^S of S« , J , J** 85 °' the hUma " beta 9 ,obin 9 6ne 

denoted F^ng oligonucLS OnT^VhS vTn^T* l V'' *" **' «™ a iS 

ON-3 are Nucleotide long oligonucleotide! Th^e method r^ h! ? 0,,a0nucl6O,i ^s and ON-1 and 
similar to that shown in Fig. 1 namely theTflank^o^i , ^ PreSent ,nvention ***** a symmetry 
and the 5' flanking oligonJcleotSs Oil 1 an ^ ON ! ^ ,k e ° ,,deS - ° N " 2 and 0fM ' ™ 01 ,he sa ™ 'ength 

45 oligonucleotides can be the tongVr le^th o^ain^flV &,her tne ^ 3 ' or «*» 5 ' " a "^9 

ends of the 3- flanking oligonucfeot def ( oS 2 Tand ^oSZ s ° ,9 h° o nUC,e0, ? eS ^ 69 ,he Mm « ,en9,h The 5 ' 
can also be optionally labeled with for ei D r^ , L W be P hos P»orylated and those ends 
(ON-1 and ON-3) are not ^ JoL^ZL Q ^e 5' flanking oligonucleotides 

in the case where the nuc.e£ acTd XSSI ^ be aSIi^ 9 h 't, tem P' a «e-^ependent ligation. 
SO interest can be either A-T as in Fig. 1 1-^-0 or C G ^SSS^ f " ^ baSe pair of 

can therefore be any of the four nucleotides.' P 3,6 * sin 9'e-stranded. the target base 

The methods of the present invention are not however limits ,k k 
angle base or single base pair differences lleiZl! X ° hC ^^^scribed instances involving 

en^rr:^ 

•he iS°:fX7b.:tu^rr <° a a ^ sequence harboring 

termir^basesofoneofthetwo^fl^ double-stranded templates, one of the 

flanking oligonucleotides to be ligateS t be^oSmenf/rC? T °' the * emina> bases °' one °' ,he 5 ' 
in Fig. 1. the base at the 5' end of o^^e l' SnT^ , ' 6 respec,ive ,ar 9 6t b ««. Thus, as shown 
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'sequences, and two positioned such that thev will be linatpri tn oa rh «,k„, , L 

dliSS P • ^ rema,ndBr °' ,he " ankin 9 °«9onuc.eotide extends outwardly in .he 5' 

outwardly from the target base 3' flanking oCnucVot^ 0, ,° N - 3 6X,0nds 

the template and is oriented such that base G i alneTend o7 nl-? ? ^ W ° r '° Wer S,rand °' 

l.n,!h. As IL in FigT0No"JroC.™7^ ,o OnS ^2^*" '° ^ dWon " c " * 

.« ,.„,„*, . to s. USM . *s?s^^ssc2sirr^^ 

0N - 1 ON-2 

nmm GACGGC 5 ' 3 ' TGAGGACT 

M I I M | I I 1 1 I I i i ■ 

GGAGAAGT 3 ' ; - • ' ' 



5' CACCTGACTCCTGA 
0N " 4 ON-3. 
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^^SSSZS'SSS^ mUSt ^ ,r8a,ed 38 d6SCribed ab ° Ve te ^ P** to 

anSoT^^^^ »»-• ON-1 and ON-2. and/or ON-3 

the correct commentary torge, °^ ^^T^l!^ ^ W ^ tf 

The absence'of such , SSSSS^^tTSS °' * * *™ ^ Pr ° dUCt 

particular template For examole if thaie^Z f c ! 98t bases of ,n,erest are not P rese "t on the 

are interchanged Tat the S t^e lT£l w Hi 1 SiCk ' 8 Ce " (pS) 9ene in wnich base * A and T 

depicted in Figure 1 An exSS ^uSSLT" £ " 9a,i ° n °' 6i,her ON - 2/ °N-1 or ON-3/ON-4 as 
With respecTto the wS^^i^H .T P l ^ a, '° n ' i9a,i ° n pr0duCt would ,hus not be tor ™d 
anneal to the beta g^SKtSS™^? 88 R9 " 2 ' ,he ^ ^^nucleotides ,n each pair 

ON-3, and the 5' end oV SL^SSS SfifiZSTr"? IT * °' ^ oli 9°™c.eotide <«M or 
temptate base pairs with eitherVhe 3'end nuclide or Z* P The ,ar9et nuc,eo,ide on ,he 

which strand. , + , or (-,. serves as ^^SS^SiL ** °' *° ° n 55 

oCu^^ can be detected by labeling the flanking 

radionudide may be use aTwe! as £%?S2JS£ Fo ^«mple, «P. 3S S 0 r any other suitable 
den^tives-UgaLamp.^ sucn as "uorescein or rhodamine or tneir 

distinction between longer SSSS^SS^^S^Slf ™ SUbsequent ""-putation that allows 60 
chromatography or hybridization For %ZmZL ~ i the , shorter precursors such as gel electrophoresis 
the ligated product tm he Tank^Xc^ electrophoresis can be used to separate 

techniques will be fully described in me exlpfes ! below aCC ° rdm9 '° ,heir Si26S - Some °* ,hese 
According to the method of the present invention, the herein described ligation amplications can be ss 



40 



45 



50 



5 



EP 0336731 A2 



* in * ar rr 0r mann8f 85 *««ratod in the foflowmg examples. The steps for 

^^j™ J?»oo-ampSfication are shown in fig. a The DNA sequences of synthetic oligonucleotide 
substrates and templates used in the examples are given below in Table 1. 
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TABLE 1 

DNA Sequences of Synthetic 
Oligonucleotide Substrates and Templates 



01ioonu c:leoMrt ft 
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ON-1 

0N-a2" 

ON-S2 

0N-a3» 

ON-S3 

ON-4 

HQ19A 
H019S 
HB23A' 
HB23S * 



Gene 

B a flS 

fla 

fls 

fla 

flS 
fla qs 

fla 
BS 
fia 



Seouencs 



5' CGGCAGACTTCTCC 

5' TCAGGAGT 

5* ACAGGAGT 

5 * CACCTGACTCCTGA 

5' CACCTGACTCCTGT 

5' GGAGAAGT 

5* CTCCTGAGGAGAAGTCTGC 
5* CTCCTGTGGAGAAGTCTGC "' 
5* CGGCAGACTTCTCCTCAGGAGTC 
5' CGGCAGACTTCTCCACAGGAGTC 



* ON-a2 and ON-a3, substrates for the normal beta globin gene 
M are the same as ON-2 and ON-3 in Fig. l. 
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strSJS J? 19 nucteotide ton 9 oligonucleotides that are complementary to the noncoding 

22?^£?,2222 e ^ 860,6 35 0,i 9 onuc, *°« d e 'expiates for ligation of ON-l7oN-2 pairs. Sgg 

^SeV 2^.^^ , r are 1 COmP,6m ^!° th6 C<X3ing strand <>» the beta gtobin gene. Theselwo 
nucleotides serve as templates for ligation of ON-3/ON-4 pairs 

ci£!^?°!£ ,0 ^J*? d 0N - 1/0N " a2 P airs 00,0 to the coding ( + ) strand. ON-s2 and ON-a2 

Sngf n^oSe SSrTlST ^ n0nC<X,in9 ^ ^ ^ and ^ dif,6ring by 8 

flJ^^2!I^Il Hhef u ,h6 P * (n0rma,) ° f P * (sick,e ce "> aUete . « ^ comprising at least one of the pairs of 
SL^ n TS!T ON - VOt *- a2 «*«3/<*M are used for the normal beta glob" 

sequence and at least one of the pairs ON-1/ON-S2 and 0N-S3/0N-4 are used for detecting the sickle cell 

or Or^^STT^fn^l^^r amp ' m ! a,ion jettons, template dependent ligation of either the ON-1/ON-2 
ewrote oVlSS^S 8 SeqU6nCe complementary to the other substrate pairs. For 

v^£S12*^^ to ON-a3/ON^» substrates and ON-s3-ON-4 product 

So^^rST^ ^ ON-1/ON-S2 substrates. According to one aspect of the present invention, the 
SSt^S^^^r^ f the «0«ion of the other pair of flanking oligonucleotide 

a7a rSS o7££ ,empU,,6S f0r ftJrther ,i9a,ion - M ,h * »9ation step does not take place 

« aresutt of base pair rrosmatch. subsequent amplification steps will not give rise to a detectable ligation 

seoSes^d^n^l^J! 931 ^ Pr0dUCt iS ,0m,ed - * ***** nybri*«d to its template. Denaturation 
ntSS 2*" tem P ,a,es - tf denaturation is accomplished by boiling, the ligase in the 
m8Ct,V8,ed - Fresh ertt y me must before be added to initiate the nex? round of 
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Example 1 

o^^S^T^SX '^™ S n °° o^on^eotide templates were carried out. unless 

^^^t^^^^Vn mM V 9C,i - ' mM DTT W«hiothreito.,. 1 mM ATP. 200 mM 
a^^^c^vKS 6 /^^' * 10 ^ °* 6800 substra,e oligonucleotide mixed with a small 
amount of radnactively labeled 3- oligonucleotide substrate (100.000-300.000 cpm) and the indicated amount 
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of template. 

P»a«nidand genomic DMA template reactions are initiated foftowing 5-10 mmutes of boiling, cooling on .ce 
andme^AMon of igase (1 U; BRL). Unless otherwee inofcated. afl ligation reactions are withdrawn for 
electrophoresis and optionally treated with caff intestinal alkaline phosphatase (1-5 U) tor 1-2 hours 

Linear amplification ligation of nucleic aod sequences is carried out by repeatedly using the original nucleic 
acid template (oligo. plasmid or genomic DMA) in each round of ampWicat.on Only one flanking 
oligonucleotide set complementary to the appropriate oligonucleotide template to one strar.d of duplex 
plasm* or genomic ONA template is used. For example, either the ON-1 and ON-2 or ON-3 and ON-4 set .s 
used m the amplification rounds but not both. 

,J°^ Brtf 5UnpWy 3 SCqUenCe 01 5 ' strand 01 h*"" 3 " ackte ceU (p*) p-globin gene as shown in Fig 2 
R^^LT^ rnDrtUre tUrther cont aining 1 mM ON-1. 1 mM 5' phosphorylated ON-a2. and 0. 1 pmoles of 
ill , ^T ,P ^ prepared w o^e-stnanded template is used, it must be denatured by boiling the 
reaction mixture at about 90-100°C. for 10 minutes. 

■n^ITT 1 Vy 1 ?? * W,iatad * aMmg 1 « ii ^ ase to ,he ""clion mixture on ice. The mixture is 
£??L ^ 30 m,nuteS at 300 C. or for a longer time if template concentration is low. 
The first round, and ail subsequent rounds, is terminated by quickly heating the reaction mixture to 100° C 
or 5 minutes to inactivate the Kgase and dissociate the ligated product strand (ON-1 "ON-2) from the 
template. This frees the template for subsequent amplification rounds. Before the next round, the reaction 
mixture is centrAjged for 10 seconds and immediately cooled to about 0«C. At this point there is 
approximately one ON-1 "ON-2 ligation product present for each copy of the template 

Another unit of enzyme is added to the reaction mixture to initiate a second round of ligation. Because a 
n^T^ZV 3 ^ 9 0 "? on "* eo,ides 0N " 1 ™ d ON-2 are added to the initial reaction mixture, more 
°^ 9 ° nuc,eo,,de *J°strated are not added. The reaction mixture is then incubated as in the first round 

eoSf, * n.^^T ,,e fr ° m ,he ii9atk>n pr0dUCt - and coo,ed A « ™* ,here •« approximately 2 
copies of ON-1 -ON-2 ligation product present for each copy of template 

nrZT. TT 6 ' S 3 w**!! 0 an0lher f0Und 106 Steps ot Abating, boiling to dissociate template from 

SSaole^gS ^ ^ rOU " dS 35 to P^^uce a 

J^IT ^ ,h °w 0N " 1 ~° N " 2 li9a,i ° n Pr0duct 030 be accomplished in several ways. ON-1 and/or ON-2 can 
l£? 7 ,,h ,. rad,oac, ' ve or nonradioactive labels and separated from the reactants by gel electrophoresis 
such that ligation product .s determined by detecting the presence of label in a position in the qei 
corresponding to the expected product size. in me gei 

ON-a2 ON-s2. and ON^l are phosphorylated at their 5' ends with either radioactive (v pzpi ATP 6000 
^ gl T? I"* 18 "? ° r nonradioac,ive ATP via a kinase reaction. The unlabeled 5' phosphorylated 
!^ k USC k l™" 9 ,ncuba,ion in a boilin 9 "«er bath for 20 minutes to inactive kinase. Internal 
l ^° SP O t e<l oligonucleotide products are separated from unreacted ATP and other reaction 
VSZZTZ**? T ch ^^r«phy(DE^2 cellulose-Whatman). The radioactive phosphorylation 
reaction yrelds products with approximately 10M0* cpm/pmol specific activity 

S amnS , r m a ?l q . Uant " a,i ! >n 01 "^"T Pr0dUCt by P° | y ac 'V^«e gel electrophoresis is carried out by mixing 
SS?Tn?lJ ffi r^,? T*^* 00 " l ° ading bUf<er a " d sub i ec,i "9 the mixture to electrophoresis in TBE 
Z £ HIS I mM EDTA) in ^ P^^ide (Bio-Rad) urea (7M) gel at 600 V. for 1.5 hours. 

n^tTniSZT^ "If 3 / 3 " au,oradi °S ra P h e d between two Lightning Plus intensifior screens 

Sf^iZEZSl T T 1 01 " 9a,i ° n Pr0duc, iS ° b,ained ei,her ,rom densitometry measurements of 
SicroSr^lSj ?° ,he 961 Via a " AMBIS Radi °^otope Scanning System II (Automated 

rtSS^rO minute! ^ po,yacr Y ,amide 9 el is ,irst ,ixed in a ^ acetic acid 45 

su2t^*ln2I^ i !!l ti0n Pr ?! U !L Can 8)50 be de,eC,ed by h ****n9 the product containing solution to a 
ON I ^nTJS " TT com P |eme " ,ar y DNA or RNA sequence under conditions whereby the 
SotLTiti". T W hybridi2e ,0 ,he complementary sequence, but neither ON-1 nor ON-2 will. 

vurt^^T* 3 *™? h9ati0n Pr0dUCt ^ K9a,ed product can a,so be de,ecte d a subsequent 
ON 3/ON^T,, ^l P 5r g a ; ad,olabelcd counterpart substrate set (ON-3/ON-4). In the case where ligated 
ON-3/ON-4 is to be detected, labeled ON-1 /ON-2 would be used 

BlZ^ C ^T r N : number of rounds °' ,inear amplification-ligation is equal to N x Q where Q is the 
efficiency of the ligation. Q ranges from 0 to 1. where 1 is equivalent to 100QA) ligation 



Example 2 



memo^Sv ^ON^-SSi !? ^ * M > ° n ^^Me templates using the above 

^ i?^o2s"2 SS^Zi V Xt l e SamG 35 ° N_S2 and 0N " 4 exce * that the V are 6 nucleotides 
2o!rC r : Pohsphorytated ON-s2- and unlabeled 5' OH-ON-1 (lanes a-d) or 32 P _ 5 > 

SSSSSS T d Un(a6eled 5 ' OH -° N * 53 (,anes e " h) were «9»«ed on 19 base long or 23 base long 

Sn^^ 3000 f ° r 30 minutes ™< h 1 U - ^4 DNA ligase'n 10 M l reaction 

e no^ea ed l^ n ^ !T % ? 9a, '° n am P ,ification reacti ons described below. Samples in lanes a and 
not treated with enzyme and samples in lanes b and f , without template, serve as negative controls. 1 pmole 
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Exampte 3 

Station is that ao four flanST**^ above-described. linear amplication 

during each reaction rJ^tS^^Xl^^^^^ pnSent 83 substrates 
for the other flanking oiMnudertSTse^^ 861 serves 88 ,he template 

last round. 3UDS ^t8 tor detecfcon can be included in the starting materia* or can be added in the 

^^^Z^T^^f^ * "» number of -^ion rounds needed to 
the product fo^SSnX^? + Sf? SnSe STZ^^*^** 1 ™P«**«on. After N rounds, 
re te ,*e a^unts of ^ Q ^;^ K 



Round 



0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 



15 



20 
21 



Fold Amplification 
(2)"-1 



0 
1 

* 3 
7 
15 
31 
63 
127 
255 
511 
1023 



32.767 



1.048.575 
2.097.141 
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™ndsof%,fica^ 

efficiency is present at later rounds where «ie " 9a, '° n effiC,ency - Near P ertect ,iaati ™ 

products. During early rounds, ligafcJ TeScienc^ S *° Ure8 ** ,iga,ed ,,anWna °'i9°™cleotide 

'igase used, and source of template efflC ' enCy may be lower depending upon reaction conditions, types of 

«he E fi a ?t aTe'ach^ of enzyme to the reaction mixture on ice. In 

for about 30 minutes at30°c or tola !Z «/. * C, '° n mix,ure wi,h ,no added en2 V™ * incubated 
round, me reaction miWis ^ concentration is .ow. At the end of each 

and dissociate the product strLsfromKempSe hSFS^V 0 ' 5 minUteS * inaC,iva,e ,ne en ^ e 
seconds and immediately cooled to about C?C ,he reaC,ion mix,ure is ""^fled for 10 

Another unit of T4 ngase is then added to initiate the second round of amplification. The mixture is then 
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iC^^'if 1 ^. 3 ^ C °°^ 35 abOVe ' A ' ,hiS P 0 "" We 3/6 3 co ^ s °< template present for each copy 
P«««^ me begwwig of the reaction. All subsequent rounds of amplification are earned out by the same 
sequence at steps for as many times needed in order to produce a detectable signal 
^Jw^J^Tfn 0 ! !!!! application may be monitored by withdrawing from the reaction mixture an 
'I!?" 0 ? reaCtk5n mhctUre P^etermmed rounds. The withdrawn material » heat 

^^S^^r ^ 2 ,0 3 ^ °* ,oadin 9 buffer 2 ^ 01 ,h 's °««ered mature ,s then loaded 

" nd the 961 iS etec,roph0fesed »° r on. hour at 600V and then autoradiographic 
overnight with two DuPont Ughtening-Plus intensifier screens 

Hf ^ 3 ^ m f a t T° dS reactio " mortwe described in Example 1 . 6.67 nM of oligonucleotide template. 

^^SS^cT^^ J*^"* ,i9aSa and 2 33 ^ M of each ,lankina o.igon UC .eotide subsirate: 
tio^ S^^S^ ( 2^ CPm| L P " 5 ' abe,ed (106 Cpml : 5 ' 0H -° N - 1 ■ and 5' OH-ON-S3. 1 U of T4 DNA 
ligase was used to initiate each round. Six rounds of ligation amplification were carried out 

™2."J autc^diogram showing the results of monitoring each round of reaction for each template In 

ZE™ ^ S"! Tea T° SPCCifiC ,0r the HP23S ' ,em P la,e containing the sickle cell sequence. The 
flankmg obgonudeotKle substrates were not able to ligate in the presence of the H023A' template 

J-££?JL * 8 eXp ° nefl,ial li 9* tion me,hod approximately double with each round. Fig. 5B shows a 
togant^^tofampUfication 

t^SL '«~ was obtained wrthacalculated efficiency of 0.98. Thus, in each round, the ligation product of the 
preceding round serves effectively as the template for further oligonucleotide ligation 

^Z^L°\l^^X ion * 3,50 u " d ,0 de,ec, p,asmid -nd 9enomic DNA sequences as 
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Example 4 

aD Ir^f«^^ ffiCati0 ' 1 ,i ?o« 0n Were d6rived from plasmids pH P' P H P' contain respectively an 
4 -** bp normaj (P > ^ sicklB c «» (P*) beta globin gene insert. All DNA preparations were 

^ZZTSE? t0 mB ?!". Trit ° n X - 10 ° PTOCedun ,0,,0wed b * Proteinas « •< and RNase treatment 
The plasm.d DNA was treated with restriction enzyme (Bam HI and/or Tag I) and Exonuclease III (Exo III) 

hZu^^T^^T™ reaCMOnS 35 ,0l,0WS: pHp ' "* pHp ' were separates digested wfh Bam 
then ,h S 37 C ^ ,ermina,ed in 3 boMng water bath for 5 minutes. Exo III (100 U/pmol) was 

ncuba?e?5 hours at^r" pT^? T * 3 co ^"tration of 1 mM. The mixture was 

1 nS^ .k 5 C Pheno, - chtoroto "" extraction was performed for final purification. 
Haas^^ r!li ! f S " t,n9 l emp,a,eS (pHp * 30(1 pHp,) was ,hen am P ,ified exponentially using T4 DNA 
eaS riS^JSSr TSn"^ aeSC " b&i * Ex3mp,es 1 «« 3 «ce P t that the total volume of 

!£Z^%££: ^P^Tnn^ M°ni OWin9 ,,3nkin9 °«S°™*>°'*e substrates was used: »P-S' 
a7d Uth h ^ ^ (1 ° ° pm,> 5 ' 0H " 0N - 1 - and 5 ' OH-ON-S3. After the 10th. 12th. 

SSJSS^^ a " qUOt "* ""I™ ,TOm <he re3C,i0 " ^ " 3 " a * ad * 

inSnaSm^.,? -^"f -°! *" H 9 ?" 0 " amp,ifica,ion Pr °duct in .anes a-c resulted from reactions not 
S22 K n££ ' r S d " f u«"' ,ed ,r ° m re3C,i0nS COn,ainin 9 P HP * ,em P'ate: and product in lanes 
Ld^^JTor fn % t3, T 9 PHP ,emp ' 3te ReaC,i0n produc,s in ,anes a. d. and g were withdrawn 
SfesTT^ rounds, products in lanes b. e. and h were anatyzed after 12 rounds! and products in 
lanes c. f. and i were analyzed after 14 rounds. 

^^SS^SiZZf^ ^ T" fr ° m ,he reaC,i ° nS iWO,vin9 pHP " contai "«d ^ norma, beta 
amSf^ TS?hI 9 ri i,l « " ^ ^ ,emP ' a,e (a " C) 7118 PHP> sickle ce " temp,a,e was significantly 
alnSSt^o^ds S ' 9 n0, ' Ce ^ inCreaSin9 b6tWeen 10 (,ane dK 12 l,ane e) - and 14 « lane <> 

ne^e^sa% 1 to ol^ d tem . P ' a,e " S6d ,he reac t'°"s. approximately 10 rounds of ligation amplification were 

rSt iTSSi ^ r' 9 " 31 corres P° ndi "9 to approximately a 50-fo.d amplification, in contrast. 

conce^^Tl .k amp " f,ca, ' on needed to oligonucleotide template of the same 

concentration to obtain the same fold amplification. 
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Example 5 



frcIn^So? 2i£5 n f""*- 1 ^ 1 - SiCk ' e Ce " ,r3il ,p,/p,) 9enomic DNA samples were iso, a«ed 
SfomS 3ppropna,e donors B eta thalassemia major DNA was prepared from EBV 

SS^TSSSISSS" {GM . 22S? Ce " S ,r ° m N,GMS Hum3n Genetic Mutant'cel. Repository. 
pWn^ a^dtoTT iSO,3,ed ,rom cu,tured ce,,s - M DNA Preparations we7e 

oSSc^SS * ^ ? X : 1 ~ procedur « '°"owed by Proteinase K and RNAse treatment. 

oS^^SJ&^y^JT T3q ' reS,ric,ion er «y me < 1 0 U/ug) (Boehringer Mannheim) 
3TC Suhi^ fn^c^T 1 ^ ^ H ' d, 9 est,on < 10 U / W) (Bethesda Research laboratory) for 8 hours a 

22 f mulnl ^^L nUC,ea !f, ( K 100 U /Pm0,) — 8dded to ,he reaction a.on9 with DTT to 

make 1 mM final concentrate and the reaction was incubated for 5 hours at 37'C. Phenol-chloroform 
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extraction was carried out for final purification. 

Ligation conditions for genomic DNA and for plasmid DNA are identical except that the total volume of the 
reaction for the genomic DNA sample is 200 |il. 
Genomic DNA from p thalassemia, sickle cell, and normal DNA were amplified using 200 nM of the following 
5 sets of flanking oligonucleotides: 32 P-5' labeled ON-s2 (10 a cpm)/32p-5' labeled ON-4 (10* cpm)/5' 
OH-ON-1/5' OH-ON-S3; and «P-5' labeled ON-2 (10« cpm)/3*P-5' labeled ON-4 (10« cpm)/5' OH-ON-1/5' 
OH-ON-3. 

5 ug of genomic DNA contains approximately 500.000 molecules of homozygous single copy gene. When 
used as a template in a 200 uJ reaction mixture, 5 ug of DNA is equivalent to 2.5 x 10* 14 M with respect to 

10 template. This concentration is well below the apparent Km of T4 DNA (igase for ligation template. The enzyme 
activity is therefore expected to be slowed considerably. To overcome this kinetic constraint, early rounds of 
the ligation were incubated for a longer time period. The ligation time for initial rounds was 5 hours. With 
subsequent rounds, the incubation time was gradually reduced to 30 minutes. (Rounds 1-5-5 hours; round 
6-1C - 4 hours; rounds 11-15 - 3 hours; rounds 16-20 - 2 hours; round 20-30 - 1 hour; and rounds 

15 30 + - 30 minutes.) Each round however was not allowed to exceed 5 hours in order to avoid accumulation of 
blunt end products. 

Figs. 7A and 7B show the results of 70-75 rounds of exponential amplification using these templates and 
flanking substrates. Fig. 7A contains amplification product resulting from the P* flanking oligonucleotide set; 
Fig. 7B contains amplification product resulting from the P a flanking oligonucleotide set. Lanes a and b of each 

20 autoradiogram contain reaction product using p thalassemia genomic ON A template; lanes c and d contain 
product from sickle cell genomic DNA template, and lanes e and f contain product using normal beta globin 
genomic DNA template. Template in lanes a, c, and e was amplified 70 rounds; template in lanes b, d, and f was 
amplified 75 rounds. The expected product bands appear in lanes c and d of Fig. 7A (sickle cell template and 
flanking oligonucleotides) and in lanes e and f of Fig. 7B (normal oota globin tomplate and flanking 

25 oligonucleotides), p-thalassemia DNA (lanes a and b) and mismatched genomic DNA and substrates both 
showed absence of signal. 

".his example thus demonstrates that the ligation amplification methods of the present invention can be 
used as a diagnostic methodology on genomic DNA samples for sickle cell anemia. 
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Example 6 



5 \ig of P-thalassemia sickle cell, and normal genomic DNA was each digested with Bam Hl/Taq I and Exo III 
nuclease as described in Examples 4 and 5. Linear amplification was performed as described in Example 1. 

35 Flanking oligonucleotides used were 100 fmoles of 32 P-5' labeled ON-s2 used directly from T4 kinase labeling 
reaction, without further purification, with DE-52 chromatography, and 100 fmoles of ON-1. The flanking 
oligonucleotides were separately combined with the three templates in the presence of 200 mM NaCI and 0.5 U 
of T4 DNA ligase in total reaction volumes of 1 0 uJ. The reaction mixture was incubated 3 hour s at 30° C and the 
reaction was terminated by boiling. A second round of amplification was initiated by adding another 0.5 U. of 

40 enzyme. The reaction mixture was again incubated 3 hours. Three rounds of ligation amplification were 
performed. The resulting products were then electrophoresed and autoradiographed as described above. 

Fig. 8 shows the resulting autoradiogram. Lane a contains reaction product using p-thalassemia template, 
lane b contains reaction product using sickle cell template, and lane c contains reaction product using normal 
beta globin template. Positive controls were performed with 0.01, 1, and 10 fmoles of HP19S template (lanes 

45 d-f respectively). Lane b shows the expected product, whereas lanes a and c show an expected lack of 
product. 

The methods of the present invention can also be used as a means to detect amplification product from 
other nucleic acid amplification methods such as the polymerase chain reaction. 



Example 7 



Amplification reactions were performed with Polymerase Chain Reaction Kit (Gene Amp Kit, Perkin-EImer 
Cetus) including 2.5 U of Thermus aquaticus DNA polymerase and 2.5 p.M of oligonucleotide primers BGP1 
and BGP2, 19 base long synthetic oligodeoxyribonucleotides which anneal to the beta globin gene at positions 
256 nucleotides apart. The enriched 294 base pair fragment contains the p globin sequence of interest. 2 ug of 
the following genomic DNA were used as templates after being treated as described above: P thalassemia, 
homozygous sickle cell (pvp»). normal p glotm (pvp 1 ). and heterozygous sickle cell trait <pvp«). 30 rounds of 
amplification gave approximately a 5 x 105-fold amplification of the target sequence. 10 ul aliquots of the PGR 
60 enriched genomic DNA sequences were electrophoresed in 1.5<Vo agarose gel at 60 V for 5 hours. 

The electrophoretically separated products were then transferred to Genetran nylon membranes with 20X 
SSC (1X SSC - 150 mM NaCI and 15 mM Na citrate) according to the method of Southern. E.M., J. Mol. 
Biol. 98 :503-517 (1975). — 

The Genetran membranes were directly hybridized to «P-5' labeled oligonucleotide probes HB19S or 
65 HB19A. in 5X SSPE (1X SSPE - 10 mM sodium phosphate pH 7.0. 0.18 M NaCI. and 1 mM EDTA). 1°/o- 
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NaDodSCU, 10 ug/ml of Homomix RNA. and 10° cpm/ml of labeled oftgonudeotide with 10 fold excess 
unlabetted competitor at 47* C for 2 hours. The membrane was first washed in room temperature with 6X SSC 
three times for 30 minutes. Subsequent wash in TMAd solution for 1 hour at 59°C removed aJI mismatch 
hybridization. (TMACJ - 50 mM Tris, pH 8.0, 3 M tetramethytammoniurn chloride. 2 mM EDTA. 0.25<Vo SOS) 

Exponential figation amplification was then performed on 20 uJ samples of the PCR enriched sequences 5 
for 4 rounds with either 200 nM of p* substrates (ON-1/ON-s2 an J Ori-s3/ON-4) or 200 nM of^' substrates * 
(0N-t/0N-a2 and ON-a3/GN-4) in. a 100 uJ of total reaction volume using T4 ONA ligase. 50*fil from each 
samples was analyzed by 204b potyacrytaniide gel electrophoresis. 

Ethtdtum bromide staining of the 1.5<tt> agarose gel shows a single 294 base pair band (Fig.9A. tanas c-e). 
Lanes of Fig. 9A are: (ap control; (b)-fJ thalassemia: (c)~ homozygous sickle cell trait: (d) -normal p w 
gtobin; and (e) —heterozygous sickle cell trait. PCR amplification of thalassemia DNA (Panel A lane b) 
amplifies some nonspecific DNA's but shows no 294 base pair band. 

Oligonucleotide hybridization analysis of the PCR enriched samples (samples from lanes b-e. Fig. 9A. 
correspond to lanes 1-4. Fig. 96) immobilized on Genetran nylon membrane filter confirms that the enriched 
DNA's indeed contain beta globtn sequence of interest (Fig. 98). Competition hybridization of the filter as 75 
described in Nozari, G.. et al.. Gene 43 :23 (1986) and in copending application Serial No. 071,210. of R. Bruce 
Wallace, filed July 8. 1987 with either radioactivety labelled H019S and unlabeled HP19A (Fig. 9B. panel a) or 
labelled Hp19A and unlabeled H019S (Fig. 9B. panel b) correctly identifies sickle cell disease (PVP*. Fig. 9B. 
lane 2. panel a) f normal (P a /p\ Fig. 96, lane 3. panel 2), and sickle cefl trait (PVpV Fig. 9B. lane 4. panels a and b) 
DNA's. 20 

The PCR enriched 256 base pair fragments ideally serve as template in the ligation analysis since they are 
relatively abundant which overcomes the ligase kinetic constraints (i.e., high Km for template). Ligation 
amplification performed on these 294 base pair templates (Fig. 9C templates: a.e ~P thalassemia; b.f 
— Homozygous sickle cell disease: eg —normal P giobin; d.h —heterozygous sickle cell trait) with (Fig. 9C. 
lanes a-d) flanking oligonucleotide substrates showed positive ligation for sickle ceH disease and sickle cell 25 
trait samples (Fig. 9C, lanes b and d). Ligation amplification with P' (Rg. 9C, lanes e-h) flanking oligonucleotide 
substrates is likewise positive for normal and sickle cell trait samples (Fig. 9C. lanes g and h). 

This example demonstrates that ligation amplification can be used as a detection methodology coupled to 
other sequence amplification techniques. 

Other modifications of the above described embodiments of the invention which are obvious to those of skill 30 
in molecular biology and related disciplines are intended to be within the scope of the following claims. 



Claims 



35 



1 . A method for detecting base or base pair differences in at least one specific nucleic acid sequence 
contained in a sample of nucleic acid template wherein each nucleic acid consists of either one strand or 
separate complementary strands comprising: 

treating the strands with at least one of two sets of two different relatively short oligonucleotide 
substrates each of which sets (i) is complementary to and therefore will hybridize to at least a portion of 40 
the template sequence of at (east one of the strands and (ii) flanks both sides of a designated target base 
contained within said specific nucleic acid sequence such that one of the two short oligonucleotides in 
each set of oligonucleotides contains a base at one of its ends that is complementary to one of the target 
bases of said template under reaction conditions such that said two short oligonucleotides of each of the 
sets will mutually Ugate if the target base exists in the template, the ligation occurring between said 45 
terminal base of one of the complementary oligonucleotides which is complementary to one of the target 
bases and a terminal base of another complementary oligonucleotide of the same set. 

2. The method of claim 1 wherein said nucleic acid template is ONA. 

3. The method of claim 1 wherein said nucleic acid template is RNA. 

4. The method of claim 3 wherein said RNA is copied into DNA by treatment with reverse transcriptase 50 
prior to treating said template strands with said substrate. 

5. The method of claim 1 wherein said template is double stranded and its strands are separated by 
denaturing prior to treating said strands with said template. 

6. The method of claim 1 wherein oligonucleotides of any of said pairs of oligonucleotides comprising 

the 3' end of an ultimate ligation product are phosphorytated at their 5' ends. 55 

7. The method of claim 1 wherein a deletion or mutation of said target base or said target base pair 
causes a genetic disease. 

8. The method of claim 1 wherein said genetic disease is sickle cell anemia. 

9. The method of claim 8 wherein said pairs of oligonucleotides comprise ON-1/ON-2, ON-3/ON-4 and 
ON-1/ON-S2 and ON-S3/ON-4. 60 

10. The method of claim 1 wherein at least one oligonucleotide of said pairs of oligonucleotides is 
radiolabeled. 

1 1. The method of claim 1 wherein the reaction mixture for treatment of said substrates includes at least 
200 mM Nad. 

12. THe method of claim 1 wherein said ligation is mediated using an enzyme selected from the group 65 
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consisting of 14 ONA igm and Exoi DNA igssa. 

13. A method for w pMyfci g a* test one specific nucleic acid sequence in a sample containing atnucieic 
acid or a mixture of n ucl ei c acids compri se d of single or complementary nudesc aod strands. therein 
said sample is suspected of contaMng said sequence or sequer 

5 (a) treating the strands with at least one of two pairs of oegonucteotides which sets are 

complementary to at least one said specific nuc>wc acid sequence and flank at least one target base 
of a sing^i atte nded te mp lat e or at least one target base pair defining a blunt end contained tn said 
nucleic acid sequence or sequences wherein one end nucleotide of one of the ottgonucleotides of at 
least one of said pairs fts complementary to said target base or one of the bases of said target base 

10 pairs under condtion s such that said end n u cleotide w* mutually bgate with an end of the other 

oSgonuctootide of said pair to form a ig^tfwn product which b 
acid sequence if said target base or target base pair a presem in said sample: 

(b) treating said sample under axxirDons to separate igation products from their templates if said 
target base or target base pairs to be detected are present in said sample ; and 

15 (c) determining whether igation has occurred, 

14. The method of claim 13 wherein steps (a) and (b) are repeated at least once. 

15. The method of claim 13 wherein a nucleic acid sequence is treated with said two pairs of 
otgonucleotides. and said igation product of one of said pairs of oligonucleotides, when separated from 
its co mplement, can serve as a template for the other pair of oligonucleotides and result in an exponential 

20 formation of ligation product 

16. The method of claim 13 wherein a nucleic acid sequence is treated with only one pair of said two pairs 
of oagonudeotides and said igation product of said one pair is separated from its complement and 
another of said pairs is igated and hybridized to the same template resulting in a linear formation of 
ligation product. 

25 17. The method of claim 13 wherein said ligation products are separated from their templates by 

denaturing. 

18. The method of claim 13 wherein said nucleic acid is double stranded and its strands are separated by 
denaturing before or during step (a). 

19. The method of daim 13 wherein oligonucleotides of any of said pairs of oligonucleotides comprising 
30 the 3 end of an ultimate igation product are phosphorylated at their 5' ends. 

20. The method of claim 13 wherein a deletion or mutation of said target base or said target base pair 
causes a genetic disease. 

21. The method of daim 20 wherein said genetic disease is sickle cell anemia. 

22. The method of claim 21 wherein said pairs of oligonucleotides comprise ON-1/ON-2 and ON -3/ ON -4. 
35 23. The method of claim 21 wherein said pairs of oligonucleotids comprise 0N-1/0N-s2 and 

ON-S3/ON-4. 

24. The method of claim 13 wherein step (a) is accomplished using an ertyzme selected from the group 
consisting of T4 DMA Bgase and E.coli DMA ligase. 

25. The method of claim 1 3 wherein said specific nucleic acid sequence is ON A. 
40 26. The method of claim 13 wherein said specific nucleic acid sequence is RNA. 

27. The method of claim 26 wherein said RNA is copied into DNA by treatment with reverse transcriptase 
prior to step (a). 

28. The method of claim 13 wherein at least one oligonucleotide of said pans of oligonucleotides is 
radiolabeled. 

45 2d. The method of claim 13 wherein the reaction mixture of step (a) further composes at least 200 mM 

Nad. 
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